Indole, an important signaling molecule as well as a typical N-heterocyclic aromatic pollutant, is widespread in nature. However, the biotransformation mechanisms of indole are still poorly studied. Here, we sought to unlock the genetic determinants of indole biotransformation in strain Cupriavidus sp. SHE based on genomics, proteomics and functional studies. A total of 177 proteins were notably altered (118 up-and 59 downregulated) in cells grown in indole mineral salt medium when compared with that in sodium citrate medium. RT-qPCR and gene knockout assays demonstrated that an indole oxygenase gene cluster was responsible for the indole upstream metabolism. A functional indole oxygenase, termed IndA, was identified in the cluster, and its catalytic efficiency was higher than those of previously reported indole oxidation enzymes. Furthermore, the indole downstream metabolism was found to proceed via the atypical CoA-thioester pathway rather than conventional gentisate and salicylate pathways. This unusual pathway was catalyzed by a conserved 2-aminobenzoyl-CoA gene cluster, among which the 2-aminobenzoyl-CoA ligase initiated anthranilate transformation. This study unveils the genetic determinants of indole biotransformation and will provide new insights into our understanding of indole biodegradation in natural environments and its functional studies.
Introduction
Indole, a typical N-heterocyclic aromatic compound, is widespread in nature. More than 85 bacterial species, including Escherichia coli and Vibrio cholerae, can catalyze tryptophan to indole via tryptophanase (Lee and Lee, 2010) . In addition, plants can produce free indole to protect themselves from herbivore attacks (Frey et al., 2000) . Anthropogenic activities, such as steel manufacturing and coal mining, also generate large quantities of indole-containing industrial wastewater (Hwang et al., 1995; Zhang et al., 2013a) . Widespread indole-producing organisms and anthropogenic activities allow indole to ubiquitously exist in a variety of ecosystems. Hence, bacteria inevitably encounter indole in different habitats.
Interactions between indole and bacteria have attracted a great deal of attention. In the last decade, the biological significance of indole has been recognized and extensively investigated (Lee et al., 2015a) . Indole is an interspecies and interkingdom signaling molecule, which plays diverse roles in the modulation of spore formation (Gerth et al., 1993) , plasmid stability (Chant and Summers, 2007) , cell division (Chimerel et al., 2012) , antibiotic tolerance (Molina-Santiago et al., 2014) , virulence (Lee et al., 2009 ) and biofilm formation (Martino et al., 2003) of bacterial strains. Both indole-producing and non-indole-producing bacteria can sense indole in order to coordinate their activities, thus ensuring their survival in complex environmental matrices (Lee and Lee, 2010; Chu et al., 2012; Vega et al., 2013) . Furthermore, indole increases potential health risks by enhancing the antibiotic tolerance of intestinal pathogens under certain conditions (Lee and Lee, 2010; Vega et al., 2012 Vega et al., , 2013 . In contrast, it contributes to the maintenance of intestinal barriers (Bansal et al., 2010; Shimada et al., 2013; Chimerel et al., 2014) and can attenuate the virulence of several pathogens, thereby providing new insights into therapies and drug development (Lee et al., 2009 (Lee et al., , 2013 .
Besides its significant functions, indole is regarded as a toxic N-heterocyclic aromatic pollutant in coking wastewater and animal feces (Karlin et al., 1985; Hwang et al., 1995; Bansal et al., 2010) . In this respect, several indole-degrading bacteria have been isolated and characterized (Sakamoto et al., 1953; Fujioka and Wada, 1968; Claus and Kutzner, 1983) . The degradation intermediates and pathways have also been proposed (Arora and Bae, 2014; Arora et al., 2015a Arora et al., ,b, 2010 Fukuoka et al., 2015) , and it is found that isatin and anthranilate are the two key intermediates in various strains (Arora et al., 2015a; Supporting Information Fig. S1 ). Alcaligenes (Claus and Kutzner, 1983; Kim et al., 2016) , Pseudomonas (Doukyu and Aono, 1997; Yin et al., 2005) and Cupriavidus (Fukuoka et al., 2015; Ma et al., 2015a) are the most extensively investigated indole-degrading bacterial genera that can use indole as a sole carbon source. Some species, such as Agrobacterium tumefaciens (Lee et al., 2015b) , Pseudomonas aeruginosa, (Lee et al., 2009) and Burkholderia unamae (Kim et al., 2013a) , can also degrade indole in the presence of other carbon sources. Although much work has been conducted, previous studies have concentrated on the isolation of indole-degrading bacteria and identification of degradation metabolites. The functional enzymes for indole oxidation and downstream metabolism have not been elucidated to date due to technical limitations and unstable characteristics of transformation intermediates.
In our previous study, an efficient indole-degrader Cupriavidus sp. strain SHE was obtained and characterized . Cupriavidus spp. are versatile bacteria in heavy-metal resistance and aromatic degradation and may encounter indole in various environments, such as soil, plant rhizospheres, wastewater and human clinical specimens (Vandamme and Coenye, 2004; Ma et al., 2015b) . Here, we aimed at unlocking the genetic determinants of indole biotransformation in strain Cupriavidus sp. SHE, based on genomics, proteomics and functional identification. Unveiling the metabolic mechanisms of indole biodegradation will provide new insights into our understanding of indole biotransformation process and promote the biological functions study of indole.
Results
Identification of intermediates in the indole degradation by strain SHE Cupriavidus sp. strain SHE was obtained previously, and it can use indole as a sole carbon source . The degradation intermediates in indole mineral salt medium (indole-MSM) were identified by highperformance liquid chromatography (HPLC) and chromatography/time-of-flight/mass spectrometry (LC/TOF/ MS) analyses (Fig. 1) to those of isatic acid (a), which was the ring-cleavage product derived from isatin (Casey et al., 1993) . Based on previous studies, it could be speculated that indole was oxidized to isatin, which was further converted to the key downstream metabolite anthranilate (Supporting Information Fig. S2 ; Fujioka and Wada, 1968; Claus and Kutzner, 1983; Arora et al., 2015a) . In the meantime, isatin could also be hydrolyzed to isatic acid. Indigo was also a common product identified in the indole degradation process (Yin et al., 2005; Fukuoka et al., 2015) but was not produced when indole was used as the sole carbon source. There were many other peaks detected as shown in Fig. 1A Fig. S3 ).
Genomic and proteomic profiles of strain SHE
The genomic sequence of strain SHE was 7.07 Mb and showed high similarity with that of the typical heavy metal-resistant strain Cupriavidus metallidurans CH34 (Janssen et al., 2010) (Supporting Information Table S1 ). Strain SHE did not harbor tryptophanase, in accordance with its disability of producing indole (Lee and Lee, 2010) . Further analysis indicated that there were 158 coding sequences (CDSs) annotated to be related with aromatic metabolic processes (Supporting Information  Fig. S4 ). To explore functional genes involved in indole metabolism, a proteomic analysis comparing the treatment group (indole as the sole carbon source) with the control group (sodium citrate as the carbon source) was performed. Samples for the proteomic assay were taken at the exponential phase (Supporting Information Fig.  S5 ). A total of 1117 proteins were identified, accounting for 17.0% of the genomic putative CDSs in strain SHE. After global normalization and t-test analysis, the expression of 177 proteins was significantly shifted (!2-fold change, P < 0.05), of which 118 were upregulated and 59 downregulated (Supporting Information Table S2 ). The upregulated proteins could be divided into 18 categories by Clusters of Orthologous Groups (COGs) analysis (Supporting Information Fig. S6) .
Most of the downregulated proteins were ribosomal proteins (Supporting Information Table S2 ), suggesting that indole repressed RNA translation (Dwidar et al., 2015) . Indole affected the expression of regulators and transporters related with multidrug transport processes, implying that it might influence the drug resistance of strain SHE. PilA, encoded by type IV pilin genes (she3131-3133) and involved in bacterial biofilm formation, twitching and adherence ability (Burrows, 2012) , was overexpressed. Two probable membrane proteins were among the most upregulated proteins (She777, and She4338, , providing the evidence that indole might cause membrane toxicity (Garbe et al., 2000; Chimerel et al., 2012) . Other upregulated proteins, including the universal stress protein A (UspA, encoded by she4375 and she2180) might help the strain to cope with environmental onslaughts in the poor medium. In addition, the HslVU and GroEL/GroES chaperones were detected in the present study, but they were not upregulated (downregulated by 1.39-1.69-folds), which contrasted with the transcriptomic data of Pseudomonas putida in response to indole (Kim et al., 2013b) .
Identification of possible indole degradation gene clusters
To identify potential genes associated with indole degradation, proteins with upregulation fold >4 were selected (Supporting Information Fig. S7 ). It was noted that there existed two gene clusters, i.e., Cluster I and Cluster II, among all the 28 genes. Given that aromatic degradationrelated genes are often clustered, we focused on the detailed analysis and verification of these two clusters. Cluster I contained five genes encoding a putative AraClike regulator (She5655), a dienelactone hydrolase (DLH, She5654), a short-chain dehydrogenase (SDR, She5653), an oxygenase (She5652) and a putative flavin reductase (She5651) (Supporting Information Table S3 ). Among all the proteins detected by the proteomic assay, She5652 was the most upregulated (22.9-fold, Supporting Information Table S2 ) and showed certain similarities to other flavoproteins; thus, we hypothesized that She5652 was responsible for indole oxidation. Proteins She5653 and She5654 were upregulated by 11.6-and 7.8-fold, respectively. DLH and SDR always co-occurred in aromaticdegrading gene clusters, but their functions have not been confirmed (Nojiri et al., 2001; Tischler et al., 2009) .
Cluster II contained seven genes encoding a putative 2-amniobenzoyl-CoA monooxygenase/reductase (She1814), a 3-hydroxyacyl-CoA dehydrogenase (She1813), an enoyl-CoA hydratase (She1812), an acyl-CoA dehydrogenase (She1811), a 2-aminobenzoyl-CoA ligase (She1810), a putative 4-hydroxybenzoyl CoA thioesterase (She1809) and a translation regulator (She1808) (Supporting Information Table S3 ). All these proteins were overexpressed in the presence of indole.
Cluster I is vital for indole degradation
The organization of Cluster I is shown in Fig. 2A . RTqPCR assays were conducted to further determine the Indole biotransformation by Cupriavius sp. SHE 907 mRNA expression levels of Cluster I in indole degradation. The four genes, she5651, she5652, she5653 and she5654, were significantly overexpressed in the presence of indole (Fig. 2B ). Since she5652 was annotated as the oxygenase gene, we tried to knock it out from the genome of strain SHE, using a typical conjugal transfer-based markerless deletion strategy. The mutant strain SHE-D5652 was successfully obtained (Supporting Information Fig. S8 ), which was not able to grow using indole as the sole carbon source (Supporting Information Table S4 ). The indole consumption curves of strain SHE and the mutant strain were determined in MSM-yeast extract medium. It was clearly observed that strain SHE could degrade $100 mg l 21 indole within 20 h, while indole was hardly degraded by the mutant strain SHE-D5652 (Fig. 2C ). These results indicated that gene she5652 in Cluster I was vital for indole degradation. In addition, we also successfully deleted the two genes she5653 and she5654 together (Supporting Information Fig. S8 ). Indole consumption capacity of the mutant strain SHE-D5653D5654 was also significantly reduced ( Fig. 2C) , and the strain did not grow with indole as the sole carbon source (Supporting Information Table S4 ), suggesting that DLH and SDR also played important roles in indole degradation. The final protein concentration of strain SHE (100-120 lg ml 21 ) was shown to be two times higher than that of the mutant strains SHE-D5652 (30-50 lg ml 21 ) and SHE-D5653D5654 (30-50 lg ml 21 ). In addition, we tested the indole degradation ability using resting cell systems with the same amount of strain. Fig. S9 ).
IndA is an efficient indole oxygenase
To confirm the specific role of she5652, we amplified and expressed she5652 in pET-28a(1) in E. coli BL21(DE3). The recombinant protein was successfully purified, with the molecular weight of approximately 45 kDa (Fig. 3A) . Results showed that the purified enzyme was able to oxidize indole and produce a blue product in the presence of FAD and NADH (Fig. 3A) , thus we termed she5652 as indA. The blue product was further analyzed by LC/TOF/MS and proven to be indigo, which A. Organization of Cluster I. Fold means the gene product upregulation fold measured by proteomic analysis. B. RT-qPCR verification of the key genes in Cluster I. In RT-qPCR assays, treatment group used indole as the sole carbon source and control group used sodium citrate. C. Indole degradation and growth curves of strain SHE, SHE-D5652 and SHE-D5653D5654. Assays were conducted in indole-MSM-yeast extract medium.
was identical to that produced by strain SHE in indole-MSM yeast extract medium (Supporting Information Fig.  S3 ). Since indigo is formed by the spontaneous dimerization of indoxyl in the presence of oxygen, thus it could be concluded that IndA, the indole oxygenase, converted indole into indoxyl, which, however, was unstable and could not be detected directly (Ensley et al., 1983; Mermod et al., 1986; McClay et al., 2005) . The reason for the absence of indigo formation by strain SHE in indole-MSM might be the rapid conversion of indoxyl before its dimerization. The optimal temperature and pH values for IndA activity were 378C and 8.0 in potassium phosphate buffer respectively ( Fig. 3B and C (Fig. 3E ) respectively.
Given that oxygen for the oxidation process was abundant in the reaction system, the effects of oxygen concentration were not determined in the present study. In addition to indole, IndA could transform various indole derivatives, such as methylindole and halogenated indole (Supporting Information Fig. S10 ). Most of the products showed absorbance peaks at around 600 nm, corresponding to substituted indigoids (Zhang et al., 2013b) . The specific activity of IndA in the transformation of indole derivatives was determined as shown in Supporting Information Table S5 . IndA converted 4-methylindole, 5-methylindole and 5-methoxyindole at a rate similar to that for indole ($300 U mg 21 ). Conversion of 7-methylindole and 5-bromoindole had the higher reaction rates among the derivatives. However, it was noted that halogenated indoles (5-chloroindole and 6-chloroindole) had relatively lower specific activity values.
Cluster II is responsible for anthranilate metabolism in indole degradation
Anthranilate is generally transformed to salicylate, gentisate or catechol by bacterial strains. Although anthranilate can also be degraded via the 2-aminobenzoyl-CoA pathway in Azoarcus evansii (Sch€ uhle et al., 2001; Bergner et al., 2015) , this pathway has never been reported in the indole degradation process as far as we know. Interestingly, Cluster II in strain SHE showed high similarities (58-72%) to that in A. evansii ( Fig. 4A and Supporting Information Fig. S11) ; therefore, it could be hypothesized that Cluster II was responsible for A. SDS-PAGE analysis of recombinant strain and IndA. M, protein marker; I, E. coli strain with empty pET-28a(1) plasmid; II, E. coli strain with pET28a(1)-indA; III, the purified IndA. The substances in bottles were the control (no enzyme) and enzymatic (IndA) reaction products. B. Temperature-dependent enzyme activity of IndA. C. Effects of pH on the enzyme activity of IndA. D. Effects of metal ions on the enzyme activity of IndA. The final concentration of metal ions was 1 mM. Blank, without metal ion. E. Kinetic studies of IndA, fitted to the Michaelis-Menten curve for indole.
anthranilate degradation via the 2-aminobenzoyl-CoA pathway. Several assays were performed to prove the hypothesis.
First, RT-qPCR results were consistent with the proteomic assay results that all the genes in this cluster were significantly upregulated in the presence of indole (Fig. 4B) . Second, the gene she1810 was amplified and expressed in pET-28a(1) in E. coli Rosetta(DE3). Protein She1810 was successfully purified and assayed for the conversion of anthranilate (Fig. 4C) . The maximum absorption wavelength of the product was 365 nm, and the OD 365 value increased to 0.37 within 30 min and then reached a plateau (Fig. 5A ). An obvious new peak, with retention time of 17.9 min, appeared in the enzyme reaction system by HPLC analysis (Supporting Information Fig. S12 ). The product was sent for LC/ TOF/MS analysis, and the m/z was 887.1593 (M-H -), corresponding to the anthranilate transformation product 2-aminobenzoyl-CoA (Fig. 5B ). These evidences proved that She1810 was the 2-aminobenzoyl-CoA ligase, which initiated the indole downstream metabolism. Finally, an important gene in Cluster II was successfully knocked out from strain SHE to prove its function (Supporting Information Fig. S8 ). Strain SHE contains a variety of CoA ligases, such as succinyl-CoA ligase, phenylacetate-CoA ligase and benzoate-CoA ligase, that can also convert anthranilate, as previously reported (Altenschmidt et al., 1991; Coleman et al., 2008) . Therefore, the gene she1814 encoding 2-aminobenzoyl-CoA monooxygenase/reductase, which catalyzed the conversion of 2-aminobenzoyl-CoA, rather than CoA ligase gene she1810 was chosen for the gene deletion assay. The indole transformation ability of SHE-D1814 in indole-MSM-yeast extract medium and resting cell system was similar to the wild type strain (Fig. 5C and Supporting Information Fig. S9 ), indicating that gene she1814 posed little effect on the indole upstream metabolism. However, the mutant strain lost the ability to grow in MSM with indole as the sole carbon source (Supporting Information Table S4 ). In addition, the mutant strain could not grow using anthranilate as the carbon source (Fig. 5D) , demonstrating that the 2-aminobenzoyl-CoA pathway was responsible for anthranilate metabolism in strain SHE.
Discussion
Indole has become a research focus due to its amazing roles in modulating microbial behaviors, influencing microbial survival state and ecology, as well as in contributing to human health (Bansal et al., 2010; Lee and Lee, 2010; Vega et al., 2012; Lee et al., 2015a) . Several bacteria have acquired the capability to degrade indole in natural environments, yet the molecular mechanisms of the degradation process have not been documented (Arora and Bae, 2015; Arora et al., 2015a) . Compared to the versatile aromatic degraders Pseudomonas   Fig. 4 and Comamonas, Cupriavidus strains exhibit relatively higher indole degradation efficiency (Ma et al., 2015a (Ma et al., , 2015b Qu et al., 2015) . The work presented herein is the deepest molecular-level study on indole biodegradation.
An ind cluster (Cluster I) was identified, and we found that gene indA played a critical role in indole oxidation. We retrieved sequences similar to IndA after BLAST analysis, and a phylogenetic tree was constructed (Fig.  6) . Related sequences could be clearly divided into three types, i.e., Type I, Type II and Type III. IndA shared $30% similarity with the typical styrene epoxidase (StyA) in Pseudomonas (Beltrametti et al., 1997; Velasco et al., 1998) . Type I cluster is responsible for styrene degradation via aromatic ring oxidation and typically consists of at least four genes, styABCD, of which styA and styB compose a two-component monooxygenase system (Fig. 6) . A new styrene catabolic operon (Type II) was recently identified in Rhodococcus opacus, Nocardia farcinica and Arthrobacter aurescens (Tischler et al., 2009; 2012) . The typical features are an oxygenase (StyA1) and a fusion enzyme composed of an oxygenase unit and a flavin reductase unit (StyA2B) (Fig. 6 ).
IndA showed relatively high similarities with StyA1 and with the oxygenase component of StyA2B (49 and 59%, respectively) in R. opacus. IndA from Cupriavidus belonged to the Type III cluster. Alignment analysis indicated that IndA also harbored the FAD-binding fingerprints GxGxxG, GG and Dx6G at amino acid positions 9, 121 and 142, respectively (Supporting Information Fig.  S13 ), similar to the oxygenase component of styrene monooxygenases from Type I and Type II clusters. In addition, it was found that She5651, termed IndB, displayed 30-40% similarities with the corresponding flavin reductases from Type I and Type II clusters. Hence, it could be speculated that IndAB in strain SHE might be a two-component aromatic monooxygenase. The reductase components from the three clusters formed four branches (Supporting Information Fig. S14 ). Cupriavidus IndB was separated from those of Acinetobacter, Burkholderia and Pseudomonas, although their oxygenase units belonged to the Type III cluster.
The organization of the ind cluster was similar to that of the iif operon (45-65% similarity) (Supporting Information Fig. S15 ), which was identified in Acinetobacter baumannii as an enzymatic defense against indole A. Dependence of CoA thioester formation in the presence of purified She1810 monitored at 365 nm. Control group was without enzyme addition. The insert graph was the UV scanning result of reaction product, and the maximum wavelength peaked at 365 nm. B. Mass spectrum of the anthranilate transformation product. C. Indole degradation and growth curves of strain SHE and SHE-D1814. Assays were conducted in indole-MSM-yeast extract medium. D. Growth curves of strain SHE and SHE-D1814 in the MSM with anthranilate as the sole carbon source.
Indole biotransformation by Cupriavius sp. SHE 911 toxicity (Lin et al., 2015) . However, the role of iif operon in the indole degradation process has not been confirmed since A. baumannii did not use indole as the sole carbon source. It was noticeable that the K m value of IndA was similar with that of IifC (Table 1) . However, the catalytic efficiency of IndA (k cat /K m ) was higher than that of IifC and another indole oxidizing enzyme IacA (Lin et al., 2012; 2015) , further proving that indole was a natural substrate of IndA. Bioinformatic analyses demonstrated that the ind cluster existed in various strains of Acinetobacter, Cupriavidus, Burkholderia and Pseudomonas (Supporting Information Fig. S15) . A.
baumannii is widely spread in animal feces and rhizosphere (Peleg et al., 2008) ; Cupriavidus can survive in various harsh environments, such as heavy metalpolluted soils; Burkholderia and Pseudomonas are ubiquitous in nature and have been found in soil, water, activated sludge and humans (Coenye and Vandamme, 2003; Vandamme and Coenye, 2004) . Therefore, the functional study, especially the molecular signaling study of indole, in the actual environmental matrices should consider its biotransformation process. Furthermore, it was found that there were two copies of the ind clusters in some Cupriavidus and Burkholderia strains. For example, we previously isolated another Cupriavidus sp. strain IDO (Ma et al., 2015a) , which could degrade indole more efficiently than strain SHE. However, the functional genes and molecular mechanisms for indole metabolism in strain IDO remained totally unclear. Comparison analysis of strain IDO genomic sequence indicated that there were two proteins (NCBI reference sequences WP_039006399 and WP_039007591) sharing 86 and 57% similarities with IndA, which might partly contribute to the higher degradation efficiency. 4.25 1.9 1.1 a. Refer to Lin et al. (2015) . b. Refer to Lin et al. (2012) . Isatin and anthranilate were important and common intermediates in indole degradation. It was found that isatin could be spontaneously hydrolyzed to isatic acid in MSM (Casey et al., 1993) . The hydrolysis rate increased in the presence of strain SHE. However, we did not obtain useful information when the strain SHE genome was analyzed for similarities with known isatin hydrolases (Bjerregaard-Andersen et al., 2014) . Previous studies revealed that anthranilate was generally degraded to salicylate, gentisate or catechol by aerobic bacteria in indole degradation process (Supporting Information Fig.  S1 ). However, related functional enzymes, such as anthranilate 1,2-dioxygenase and anthranilate hydroxylase (Arora, 2015) , were not identified or upregulated in strain SHE. Anthranilate transformation via the 2-aminobenzoylCoA pathway in A. evansii was revealed decades ago, but it has rarely been reported in the aerobic aromatic degradation processes (Niewerth et al., 2012) . This is the first report showing that indole is degraded via the 2-aminobenzoyl-CoA pathway, enriching our understanding of the indole metabolism. Gene analyses indicated that the 2-aminobenzoyl-CoA metabolic genes were present in Azoarcus, Cupriavidus, Burkholderia and Arthrobacter (Fuchs et al., 2011; Niewerth et al., 2012) , which occupied various aerobic niches and would inevitably encounter N-heterocyclic compounds. Hence, it can be inferred that this unusual anthranilate metabolic pathway exists in multiple aerobic environments.
Indole is produced from tryptophan by tryptophanase in many environments. For example, E. coli and V. cholerae cultures can produce 0.5-0.6 mM indole, and indole concentration in human gut and feces can reach 0.25-1.1 mM (Bansal et al., 2010; Lee et al., 2015a) . Indole plays diverse roles in bacterial pathogenesis, physiology and ecology, and most of these studies are focused on non-indole-degrading strains. Indole-degrading strains could convert indole to isatin and anthranilate, and these intermediates also affected bacterial physiology, thus interfering the functional study of indole (Lee et al., 2007; Li et al., 2017) . Identification and deficiency of indole oxidation genes will improve the evaluation and understanding of indole biological roles on indole-degrading strains. In addition, indole-producing strains, such as E. coli, can produce indole to increase their antibiotic resistance and persister formation. Indole also decreases the virulence of several antibiotic-resistant pathogens through inhibition of AHL-based quorum-sensing and virulence factor production (Hidalgo-Romano et al., 2014; Vega et al., 2012; Lee et al., 2015a) . Therefore, it can be inferred that indole would be beneficial for the survival and competition of indole producers in the microbial community. The existence of ind and other indole-degrading gene clusters should be a weapon for those non-indole producers to compete for resources and space.
In summary, an integrated indole transformation pathway was proposed based on all the results described above (Fig. 7) . The first step was indole oxidation to indoxyl, which was catalyzed by the indole oxygenase IndA. Indoxyl was further converted to isatin and anthranilate, which were the key degradation intermediates. Isatin was hydrolyzed to isatic acid through the simultaneous effects of spontaneous and enzymatic reactions, and anthranilate was degraded via the atypical 2-aminobenzoyl-CoA pathway. Formation of indigo was observed when yeast extract was added as an additional carbon source. In this study, indole degradation mechanism was elaborated at the molecular level for the first time. Unveiling the indole metabolic mechanism will enrich our understanding of indole microbial transformation process in natural environments and improve studies on the biological roles of indole. The newly described indole oxygenase may have an advantage in industrial application, such as indigo bio-production (Ensley et al., 1983; Mermod et al., 1986) .
Experimental procedures

Chemicals and media
Indole, isatin and indigo were purchased from J&K Scientific Ltd. (Beijing, China). Isatic acid was prepared from isatin in sodium hydroxide solution and verified by LC/TOF/MS analysis (Casey et al., 1993; Chi et al., 1997) . Other chemicals were of analytical grade or above. Mineral salt medium (MSM) consisted of (g l 21 ) 2.0 KH 2 PO 4 , 3.28 Na 2 H-PO 4 Á12H 2 O, 0.1 MgSO 4 , 2.0 (NH 4 ) 2 SO 4 and 0.00025 FeCl 3 , and no other trace elements were added. Citrate medium used for the control group of proteomic assay was composed of (g l 21 ) 2.0 KH 2 PO 4 , 3.28 Na 2 HPO 4 Á12H 2 O, 2.0 (NH 4 ) 2 SO 4 , 0.00025 FeCl 3 and 1.0 sodium citrate. M9 medium for gene knockout was composed of (g l 21 ) 17.0 Na 2 HPO 4 Á12H 2 O, 3.0 KH 2 PO 4 , 0.5 NaCl, 1.0 NH 4 Cl and 5.0 sodium citrate. LB sucrose medium was derived from LB medium with the addition of 12% (wt/vol) sucrose. Corresponding antibiotics were added if required. Solid media were prepared by adding 2.0% (wt/vol) agar in liquid media.
Bacterial strains and culturing
Cupriavidus sp. SHE (CGMCC No. 9266) which could utilize indole as the sole carbon and nitrogen source was isolated in our laboratory previously Zhou et al., 2015) . Unless specifically stated, strain SHE was cultured in MSM with 100 mg l 21 indole. The cultivation condition was 308C and 200 r.p.m. E. coli strains were grown in LB medium supplemented with corresponding antibiotics at 378C and 200 r.p.m.
Identification of intermediates
For intermediates identification, strain SHE was cultured in indole-MSM. Culture media at 48 and 60 h (to accumulate intermediates at different time-points) were combined, centrifuged, acidified and extracted by ethyl acetate. Then, the extraction was concentrated and dehydrated by anhydrous sodium sulfate. Concentrated mixture was firstly analyzed by HPLC with conditions of 0-5 min 30-60% methanol/water (vol/vol) and 5-30 min 60-70% methanol/water (vol/vol) at 0.5 ml min 21 flow rate. The water phase was added 0.1% (vol/vol) formic acid. Samples were then analyzed by LC/TOF/MS equipped with a standard electrospray ionization (ESI) source in the negative ion mode. To analyze the blue products (mostly adsorbed to bacterial cells) of indole transformation in indole-MSM-yeast extract medium, pellets after centrifugation were dissolved in dimethyl sulfoxide (DMSO), which were analyzed by HPLC and LC/TOF/MS (Zhang et al., 2013b; Ma et al., 2015b) .
Genome sequencing of strain SHE
The genomic DNA of strain SHE was extracted using Wizard Genomic Purification Kit (Promega, Beijing, China). Genome was sequenced using Illumina Hiseq-2000 platform. The raw sequences were treated and assembled using Velvet 1.2.10 software (Zerbino and Birney, 2008) . After treatment of the raw sequencing data, 7.07 Mbp clean sequences were generated, which were assembled into 117 large contigs. Clean sequences were functionally annotated by the Rapid Annotations using Subsystems Technology (RAST) annotation server (Overbeek et al., 2014) . A total of 530 subsystems and 6,581 CDSs were predicted using the RAST annotation server, among which 4,828 CDSs were annotated with predicted functions (Supporting Information Table S1 ). This Whole Genome Shotgun project has been deposited at GenBank under the accession JWMB00000000, and the version described in this paper is the first version, JWMB01000000.
Preparation and identification for proteomic assay
The comparative proteomic assay of strain SHE was conducted as follows. Strain in treatment group was grown in 2.0 l flasks containing 1.0 l indole-MSM. A total of 60 l cells were collected during exponential phase after strain inoculation (Supporting Information Fig. S5 ). For control group, strain was transferred several times in citrate medium and finally grown in 2.0 l flasks containing 1.0 g l 21 sodium citrate medium. All samples were stored at 2808C after liquid nitrogen freezing. After collecting the bacterial cells of both groups, samples were carefully treated as described previously (Tang et al., 2013) . Both treatment and control groups contained three biological replicates. Multidimensional liquid chromatography using an 1100 LC system coupled with a LTQ Classic ion trap mass spectrometer (Thermo Fisher) was utilized to characterize the proteins. A local database derived from Cupriavidus sp. SHE genome information was created to match the proteins.
RT-qPCR assay
Strains cultured in citrate medium were used as the control group and in indole-MSM was used as the treatment group. Cultures were grown at 308C till mid-exponential phase and centrifuged. A total of $1 3 10 9 cells were used for total RNAs extraction using RNAprep pure Cell/Bacteria Kit (TianGen, Beijing, China). cDNA was synthesized by EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen, China). RT-qPCR was conducted using CFX96 Real-Time PCR Detection system (Bio-Rad, Hercules, CA). Reaction system was prepared using respective primers (Supporting Information Table S6 ), SYBR green RealmaterMix (TianGen, Beijing, China) and cDNA or diluted cDNA as template. Experiments were performed in triplicates and relative expression level was calculated using 2 -DDCT method, where 16S rRNA gene was chosen as the reference gene (Livak and Schmittgen, 2001; Tang et al., 2013; Yu et al., 2015) . The amplification efficiencies for all the genes were around 100% (between 95-105%).
Gene deletion manipulation
The suicide vector, termed pK18mobsacB-tet, for gene knockout was derived from pK18mobsacB by inserting a tetracycline resistance gene (from plasmid pLOI2065) into the multiple cloning site (Tang et al., 2013) . Upstream (300-700 bp) and downstream (300-700 bp) fragments within the target gene were amplified and aligned using fusion PCR (Supporting Information Table  S7 ). The resulting fragment was inserted into pK18mob-sacB-tet plasmid by enzyme digestion and ligation. The new plasmid was transferred from E. coli S17-1 to Cupriavidus sp. SHE by conjugal transfer . Donor strain E. coli S17-1 and recipient strain Cupriavidus sp. SHE were cultured overnight, mixed (1:1), centrifuged and washed by saline solution and then plated onto solid LB plate for incubation. Two days later, the mixture was suspended in saline solution and plated onto solid M9 medium (containing tetracycline). The right transconjugants were verified by PCR and the cells were further incubated in LB medium overnight. Finally, the cells were plated on LB-sucrose agar medium for 48 h. Several colonies were picked and the right knockout strains were verified.
Indole degradation assays by strain SHE and mutants
To prove the indole degradation ability of strain SHE and the mutants (SHE-D5652, SHE-D5653D5654 and SHE-D1814), strains were inoculated into MSM-yeast extract medium (0.2%), cultured overnight, centrifuged and washed two times with phosphate buffer solution (50 mM, pH 7.0). The protein concentration of strains was determined by Coomassie Brilliant Blue G-250 for strain quantitation. For growing cell assay, 1 ml strains with protein concentration of 250 lg ml 21 were inoculated into 100 ml indole-MSM-yeast extract medium (final protein concentration 2.5 lg ml 21 ). The concentration of residual indole and protein in each group were determined every four hours. For resting cell assay, the strains were washed and adjusted to protein concentration of 300 lg ml 21 in phosphate buffer solution. Then, 75 mg l 21 indole was added in the buffer solution and residual indole was determined every hour.
Expression and purification of key enzymes
Gene she5652 was amplified from DNA template with corresponding primers and ligated into expression plasmid pET-28a(1) with Nco I and Hind III sites (Supporting Information Table S8 ). The resulting plasmid was verified by sequencing and then transformed into E. coli BL21(DE3) strain. For the expression of she1810, the gene was amplified and ligated into plasmid pET-28a(1) with BamH I and Xho I sites. The recombinant plasmid was verified and expressed in E. coli Rosetta(DE3) strain. E. coli cells containing pET28a(1)-she5652 or pET28a(1)-she1810 were cultured in LB medium with corresponding antibiotics at 378C. When the optical density reached 0.4, the culture was transferred to 168C for cooling and then 1 mM IPTG (isopropyl-b-D-thiogalactopyranoside) was added to induce protein expression for around 20 h. Cells were centrifuged, washed and disrupted by sonication in Tris-HCl buffer (pH 7.5, 20 mM) which were then centrifuged at 12,000 3 g for 30 min to remove cell debris. The supernatant was filtered and loaded onto a Ni-NTA His bind resin pre-equilibrated with the binding buffer (25 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0). The His 6 -tagged proteins were eluted with gradient imidazole washing buffer (25 mM TrisHCl, 300 mM NaCl, pH 8.0 and 50, 70, 130, 170 and 200 mM imidazole). The optimal buffers for protein She5652 and She1810 elution were 50 and 130 mM imidazole washing buffer, respectively. The eluted His 6 -tagged proteins were desalted and concentrated by ultrafiltration. Protein concentration was determined by the Bradford method and SDS-PAGE was used to examine the expression and purification of protein. All the purification steps were performed at 48C (Hu et al., 2015; Yu et al., 2015) .
Indole oxidation activity assay
Purified IndA was used for the enzyme activity assay. The enzyme reaction was performed as described previously (Lin et al., 2012) . Briefly, 2 mM NADH, 20 lM FAD and 1 mM substrate were added to a 100 ll potassium phosphate buffer (pH 8.0, 50 mM) system in an Eppendorf tube. A total of 5 lM protein was added to the pre-heated system to start the enzyme reaction. The mixture was incubated at 378C for 60 min and then immediately extracted by 400 lL DMSO. The concentration of reaction product indigo was determined using a UV-2550 spectrophotometer at OD 618 nm. For temperature optimization, enzyme reaction was performed at 20, 25, 30, 37, 40, 45 and 508C water bath condition. For pH optimization, pH values from 4.0 to 6.0 (citrate buffer, 50 mM citric acid/sodium citrate), 6.0 to 8.0 (potassium phosphate buffer, 50 mM K 2 HPO 4 /KH 2 PO 4 ), 8.0 to 9.0 (50 mM Tris-HCl buffer) and 9.0 to 11.0 (sodium carbonate buffer, 50 mM Na 2 CO 3 /NaHCO 3 ) were utilized. The K m and k cat of indole were determined in potassium phosphate buffer system (pH 8.0) at 378C, with the addition of 20 lM FAD, 2 mM NADH and different concentrations of indole. To determine the specific activity of IndA toward indole derivatives, reactions were performed in 200 ll potassium phosphate buffer (25 lg protein, 2 mM NADH, 20 lM FAD and 1 mM substrate) at 378C for 60 min. The substrates before and after reaction were extracted with Indole biotransformation by Cupriavius sp. SHE 915 800 ll ethyl acetate which were further quantified by HPLC. One unit of enzyme activity was defined as the amount of enzyme required to catalyze the conversion of 1 lM substrate per minute.
2-Aminobenzoyl-CoA ligase activity assay and product identification
Purified She1810 was used for the enzyme activity assay. The catalytic reaction was performed described elsewhere (Sch€ uhle et al., 2001; Coleman et al., 2008; Niewerth et al., 2012) in a 500 ll Tris-HCl (pH 8.0, 100 mM) system containing enzyme She1810, 2 mM MgCl 2 , 0.4 mM coenzyme A and 1 mM ATP. Reaction was initiated by adding 1 mM anthranilate and the product was monitored at 365 nm. The reaction mixture was incubated for more than 3 h and then filtered for HPLC analysis. Solution A was 20 mM ammonium formiate buffer, and solution B was composed of 95% methanol and 5% solution A. HPLC conditions were 0-30 min 90-50% solution A/solution B (vol/vol) at 0.5 ml min 21 flow rate (Pistorius et al., 2011) . Afterward, the reaction product was analyzed by LC/TOF/MS as described earlier.
